WHAT'S KNOWN ON THIS SUBJECT: Despite the dramatic rise in prevalence of metabolic syndrome (MetS) among children and adolescents, and that MetS is associated with cognitive and brain impairments among adults, no data on the impact of MetS on the brain exist in children.
As a result of the childhood obesity epidemic, in 2006, the prevalence of metabolic syndrome (MetS) was already 8.6% among all US children and adolescents. 1 MetS in childhood predicts MetS and type 2 diabetes mellitus (T2DM) in adulthood. 2 The MetS is composed of 5 obesity-associated components, namely elevations in fasting glucose levels or insulin resistance (IR) dependent on the definition used, 3, 4 lower high-density lipoprotein (HDL), hypertriglyceridemia, and hypertension in addition to abdominal obesity. MetS among middle-aged and older adults has been associated with cognitive dysfunction. 5 However, to date, no brain data exist in youth.
We recently reported the presence of brain complications among obese adolescents with T2DM, including reduced hippocampal volumes, increased overall cerebrospinal fluid (CSF) volumes, and reduced white matter (WM) microstructural integrity. 6, 7 Studying nondiabetic youth with MetS presents a unique opportunity to evaluate whether brain structure and function are affected by metabolic dysregulation of relatively short duration and before the development of hyperglycemia or clinically manifest cardiovascular disease.
We aim to ascertain whether obesity and MetS, in the absence of T2DM, are associated with impairments in brain health. Inaddition to cognitive performance and measurements of hippocampal, dorsolateral prefrontal region (DLPFR), and overall CSF volumes, we also ascertained WM microstructural integrity by using sensitive diffusion tensor imaging methods.
METHODS

MetS Classification
There is currently no general consensus to define pediatric MetS. The prevalence of impaired fasting glucose levels is very low in nondiabetic youth, and, therefore, measures of IR may offer higher sensitivity to detect metabolic abnormalities in this age group. 8 The quantitative insulin sensitivity check index (QUICKI) 9 has been validated as a measure of IR in nondiabetic children and adolescents. 10 We chose a QUICKI value #0.350 9 to indicate IR. We used the ATP III diagnostic criteria for abdominal obesity and hypertension in children, 11 as well as the NHANES adolescent triglycerides cutoff. 3 However, for HDL we used the more stringent adult criteria. 12 
Study Participants
A total of 129 nondiabetic adolescents (14-20 years of age) were screened for participation in a study to examine the brain consequences of MetS. This study was approved by the NYU School of Medicine institutional review board. All of the participants (and if ,18 years of age, one of their parents) signed informed consent. Exclusion criteria were a diagnosis of T2DM or other significant medical conditions (other than IR, polycystic ovary disease, dyslipidemia, and hypertension), Tanner stage ,4, use of psychoactive medications, a diagnosis of depression, a history of significant learning disability, or pregnancy. Of the 129 adolescents screened, 18 were excluded (9 did not meet entry criteria, 3 had clinical MRI abnormalities, and 6 did not complete the evaluation), resulting in 111 adolescents (49 with and 62 without MetS) included. One adolescent in the MetS group had a fasting glucose of 110 mg/ dL (with a hemoglobin A1c level of 5.8%); all others had fasting glucose levels ,100 mg/dL. Given our fasting glucose levels and normal hemoglobin A1c levels, it is highly unlikely we included any adolescents with undiagnosed T2DM.
Cognitive Evaluations
Cognitive testing was conducted blind to group membership in a standardized fashion ∼1 hour from the last meal over two 1.5-hour sessions. We used standard tests, described in detail elsewhere. 14 Obstructive sleep apnea is associated with obesity and can affect the brain 15 and cognition. 16 Sleep apnea was assessed with a 20-item questionnaire. 17 A diagnosis of depression was exclusionary, but, to adjust for potential subclinical depressive symptoms on cognition, we administered the Beck Depression Inventory (BDI). 18 
MR Image Acquisition
Standardized MR scans were acquired by using identical parameters on the same 1.5 T Siemens Avanto System over 45 minutes. Please refer to Yau et al 6 for details on the MR sequences.
Brain Volumetric Assessment
All brain volumes were determined blind to participants' identity and diagnosis. We measured the intracranial vault (ICV) on the magnetizationprepared rapid acquisition gradient echo (MPRAGE) image by following the dural and tentorial margins. Overall, CSF volume was determined by using an intensity threshold to identify CSF voxels within the ICV. The volumes of right and left hippocampus were measured and then averaged by using a highly reliable 19 and postmortemvalidated method. 20 The DLPFR region was outlined also by using a reliable method. 21 To account for intersubject variability in brain size, measured brain volumes were adjusted (residualized) to the ICV volume by using linear regression.
Diffusion Tensor Imaging-based WM Microstructural Assessment
We used fractional anisotropy (FA) to assess WM microstructural integrity. To prepare the FA maps for voxelwise comparisons in Talaraich space, we used Automatic Registration Toolbox software, 22 which is highly rated for image registration quality and accuracy. 23 First, the skull-stripped structural native MPRAGE image was normalized to the standard Montreal Neurological Institute brain template by using a three-dimensional nonlinear warping algorithm. Second, a rigid-body linear transformation optimized the registration between T2 and MPRAGE by iteratively correcting for subject motion. Third, with a nonlinear twodimensional warping algorithm, the non-diffusion-weighted b0 image was iteratively warped to correct for spatial distortions inherent in echo planar acquisitions by using the skull-stripped T2 image as a guide. Finally, to reduce interpolation errors, we combined transformation parameters from steps 1 to 3 and applied them to spatially correct and normalize the native FA maps to Talaraich space. Please refer to Yau et al 24 for a more detailed description of these procedures.
Statistical Analyses
Before data analysis, we evaluated normality of continuous variables by using the Kolmogorov-Smirnov (for n $ 50) or Shapiro-Wilk (for n , 50) test. Normally distributed variables were evaluated by using 2-tailed independent samples t test (effect size expressed by Cohen d). For those that were nonnormally distributed, the Mann-Whitney U test (effect size expressed by r) was used. C-reactive protein (CRP) levels .10 mg/dL may indicate acute inflammation and were excluded casewise from analyses involving CRP. We used a WM mask created from the average of the MPRAGE images of all participants in Talaraich space to restrict group FA comparisons to WM. Two-tailed voxelwise analysis of covariance (VANCOVA) analysis examined the group differences in WM FA, with age as a covariate. Linear regression models were used to assess the differences in cognitive performance among adolescents who had 0, 1, 2, 3, 41 (4 or 5) MetS components. Furthermore, stepwise regression analyses were used to understand whether any one or group of MetS components predicted the brain variables that were statistically different between MetS and non-MetS adolescents, after controlling for age and gender. For these analyses, we used the mean arterial BP (1/3 3 systolic BP + 2/3 3 diastolic BP) as a continuous measure of BP rather than the dichotomous classification used for MetS assignment. Extreme scores, .3 SDs from the respective group means, were excluded.
Descriptive statistics are presented as counts and percentages for categorical variables and as means and SDs (M 6 SD) for continuous variables. For results of the regression analyses, the unstandardized b-values (b), proportion of variance explained by the independent variable (r 2 ), and F-ratio are presented in parentheses in the text; the d (Δ) represents changes in the statistical values for the current step after accounting for covariates in the previous steps.
RESULTS
Demographic and Endocrine Data
Groups did not differ significantly on age, socioeconomic status, school grade, gender, or ethnicity ( Table 1) . As expected, adolescents with MetS had significantly larger waist circumference and BMI, higher degree of IR, worse lipid profile, and poorer BP control (only 1 participant was receiving an antihypertensive medication). Adolescents with MetS also had significant elevations in plasma acutephase reactant markers of inflammation (CRP and fibrinogen). The groups did not differ significantly on self-reported ratings of obstructive sleep apnea, or subclinical scores of depressive symptoms.
Cognitive Performance Results
Adolescents with MetS had lower academic achievement (spelling and arithmetic) and tended to have a lower IQ ( Although the groups did not differ in self-ratings of obstructive sleep apnea or depressive symptoms, to err on the side of caution, we confirmed that the significant cognitive differences were largely unchanged after controlling for those ratings.
Imaging Results
Of the 111 participants included, 18 No participant had clinically relevant WM hyperintensities. VANCOVA analyses assessing WM microstructural integrity and utilizing conservative statistics with a cluster size of 100 contiguous voxels and a false discovery rate of 1% 25 identified a total of 14 clusters (overall, 4.90 mL in volume), all showing reduction in FA, an indication of diminished fiber organization, among adolescents with MetS (P , .001). The significant clusters were located in major fiber tracts such as the corpus callosum, optic radiations, and medial longitudinal fasciculi. See Fig 1 where we present the 10 largest clusters. Given that 20% of participants with and 6% without MetS were hypertensive and that hypertension is associated with WM disease, 26 we confirmed that the group differences remained when also controlling for mean arterial BP (data not shown).
Our non-MetS (control) group also had varying degrees of metabolic dysregulation (see Table 1 ); thus, we also contrasted our adolescents with MetS (n = 49) with those without any positive MetS components or "completely healthy" (n = 21); this more restricted control group also had similar demographic characteristics to the MetS group. We found the hippocampal volume reductions and increased CSF volumes remained significant and that the cognitive group differences were more dramatic, with 10 of the 17 (up from 7/ 17) cognitive measures now showing at least a statistical trend, all with larger effect sizes (data not shown). In addition, the VANCOVA analysis (P , .005, also at false discovery rate = 1%), revealed a total of 16 clusters (overall, 4.47 mL in volume) all demonstrating FA reductions in the adolescents with MetS.
Impact of Higher MetS Burden on the Cognitive and Brain Findings
Only 2 adolescents met criteria for all 5 MetS components; thus, we combined Fig 3B) .
To ensure that the associations above (Fig 3 A and B ) between IR and brain volumes were independent of overall obesity, as reflected by BMI (or waist circumference), we conducted hierarchical regression analyses confirming that the QUICKI score, after accounting shown) .
DISCUSSION
To the best of our knowledge, this is the first report demonstrating brain abnormalities among obese nondiabetic adolescents with MetS. In addition to lower scores on cognitive measures, we also demonstrated that adolescents with MetS have reduced hippocampal volumes, increased overall CSF volume, and compromised WM microstructural integrity. These findings are conservative, because many of our control adolescents met criteria for some of the MetS components, just not 3/5 (see Table 1 ); when we used a subset of controls not meeting criteria for any MetS component, the group differences became more pronounced.
Overall, nondiabetic adolescents with MetS, although still performing in the normal range, scored lower across all the cognitive domains assessed than those without MetS; they had significantly lower academic achievement (ie, spelling and arithmetic), attention, and mental flexibility and trended to have lower estimated intellectual functioning. This suggests that these obesityassociated medical abnormalities, short of T2DM, may have a dampening effect on academic performance, which may impact professional potential and perhaps lifelong learning. We have recently reported that obese adolescents with T2DM also have cognitive dysfunction, 6 but more prominent than those reported here and also included memory difficulties.
Hippocampal volume reductions have been described in adults 27 and obese adolescents with T2DM. 7 The current finding of smaller hippocampal volumes among nondiabetic adolescents with MetS was unexpected. These data suggest that among obese adolescents the hippocampus may already be affected in the prediabetic stages of metabolic disease. In addition, we observed an increase in overall CSF volume among adolescents with MetS. Given that our study groups did not differ in ICV volume, whose volume is likely determined by the early growth of the brain, this suggests that the increased overall CSF volume among obese adolescents with MetS is likely caused by brain parenchyma volume loss rather than differences in early brain development.
We found lower WM microstructural integrity among adolescents with MetS than what we had found among obese adolescents with T2DM. 6 However, in the current study, we had nearly 4 times the sample size, and
FIGURE 1
Representative clusters of lower WM FA value among adolescents with MetS. Each column displays 1 cluster of FA reduction in axial, coronal, and sagittal orientations with the axes going through the cluster centroid. Cluster size (minimum 100 voxels, equivalent to 0.1 mL in volume) is shown in parentheses.
the more extensive current findings are likely a function of more robust statistics and not disease. Consistent with findings in adults with MetS, 28 we found compromised WM microstructural integrity in major fiber tracts involved in interhemispheric or corticosubcortical communications. In the future, prospective studies should clarify whether these WM microstructural changes represent a delay in the WM maturation, which is still ongoing during adolescence, 29 or actual damage.
We found that IR was the most significant predictor of brain volume changes, and the only one that was a significant predictor in a multivariate stepwise analysis. IR is thought to be central to MetS, 30 and this was confirmed by the fact that it remained significantly associated to smaller hippocampal volumes and increased CSF volumes even after accounting for BMI (or waist circumference). Nevertheless, the other MetS components also contributed to the brain abnormalities, in that the more MetS components reached threshold, the smaller the hippocampal volumes and greater overall CSF volumes.
We found worsening cognitive performance with increasing number of MetS components present, with variance explained ranging from 5.7% (small to medium effect size) to 15.3% (medium to large effect size), which is consistent with adult data. 31 However, unlike the associations of brain volume changes with IR, cognition was not significantly associated with IR. These findings suggest that, to impair cognitive performance, obesity or hypertension may be sufficient, but that to affect structural brain changes such as hippocampal volume reductions or increased overall CSF volume, further metabolic dysregulation,
FIGURE 2
Lower cognitive performance with increasing number of MetS components present. A, WRAT arithmetic standard score. B, WRAT spelling standard score. C, Trails B total time. D, DVT total time for individuals who met 0 criterion (n = 21), 1 criterion (n = 18), 2 criteria (n = 23), 3 criteria (n = 36), or 4+ criteria (n = 13). Data presented are mean 6 SEM.
FIGURE 3
Lower QUICKI scores (more IR) were associated with smaller ICV-adjusted hippocampal volumes (n = 91) (A) and larger ICV-adjusted overall CSF volumes (n = 92) (B). such as marked fasting hyperinsulinemia, may be required. These somewhat speculative conclusions will need to be confirmed in a larger prospective longitudinal study.
The current study has significant strengths. The groups were moderate in size and had distributions that minimized socioeconomic and education bias. In addition, we used reliable and validated brain volume measurements as well as sensitive WM microstructural assessment methods with rigorous thresholds for statistical significance. Moreover, our results are likely conservative, because the control group was not totally free of metabolic dysregulation. These cognitive and brain findings in adolescents with MetS are in line with our previous reports on adolescents with T2DM, just showing smaller effect sizes. Taken together, these data suggest that there may be dose effects in brain complications as we move along the spectrum linking obesity to T2DM.
Study participants were recruited from the community and evaluated at the medical center. Although not a clinical population, our participants are not representative of the general population. In addition, given that we used IR, rather than hyperglycemia, as one of our MetS components, the results presented here may not be directly comparable to those of other studies. Although other studies of adolescents have used fasting glucose level $110 mg/dL, 32 all of those studies included adolescents with diabetes. Had we used a fasting glucose of $110 mg/dL, only one of our obese adolescents would have met that criterion. Nevertheless, had we had sufficient participants with impaired fasting glucose level, the brain abnormalities would have likely been worse, because that group is closer to T2DM than our group with IR but normal glucose levels. Insulin sensitivity has been shown to worsen during pubertal progression, 33 and, thus, the use of the QUICKI score cutoff of #0.350 to indicate IR could potentially bias against younger children being included in the MetS group. However, in these data we did not have such potential bias, because QUICKI scores rose, nonsignificantly, with age.
Another possible limitation of the current study is that we did not control for multiple comparisons when testing for group differences in cognitive performance. However, given that all the cognitive measures were lower in the MetS group, with 7 of 17 cognitive measures showing at least a statistical trend, we felt justified for this first report of brain and cognitive impairments in adolescents with MetS in not controlling for multiple comparisons.
CONCLUSIONS
Although obesity may not be enough to stir clinicians or even parents into action, these results among youth with MetS strongly argue for an early and comprehensive intervention. We propose that brain function be introduced among the parameters that need to be evaluated when considering early treatment of childhood obesity. Future work should also ascertain whether the reductions in cognitive performance and structural brain abnormalities are reversible with significant weight loss and reversal of the obesity-associated MetS components.
